Objective To achieve an optimal sealing zone during EVAR, the intended positioning of the proximal end of the endograft fabric should be as close as possible to the most caudal edge of the renal arteries. Some endografts exhibit a small offset between the radiopaque markers and the proximal fabric edge. Unintended partial renal artery coverage may thus occur. This study investigates the consequences of partial coverage on renal flow patterns and wall shear stress. Methods In-vitro models of an abdominal aortic aneurysm were used to visualize pulsatile flow using 2D particle image velocimetry under physiologic resting conditions. One model served as control and two models were stented with an Endurant endograft, one without and one with partial renal artery coverage with 1.3 mm of stent fabric extending beyond the marker (16% area coverage). The magnitude and oscillation of wall shear stress, relative residence time and backflow in the renal artery were analyzed. Results In both stented models, a region along the caudal renal artery wall presented with low and oscillating wall shear stress, not present in the control model. A region with very low wall shear stress (<0.1 Pa) was present in the model with partial coverage over a length of 7 mm, compared to a length of 2 mm in the model without renal coverage. Average renal backflow area percentage in the renal artery incrementally increased from control (0.9%) to the stented model without (6.4%) and with renal coverage (18.8%). Conclusion In this flow model partial renal coverage after EVAR causes low and marked oscillations in wall shear stress, potentially promoting atherosclerosis and subsequent renal artery stenosis. Awareness of the device-dependent offset between the fabric edge and the radiopaque markers is therefore important in endovascular practice. (J Vasc Surg 2018;67:15851594) Clinical Relevance The location of the proximal markers of EVAR devices is not always at the most proximal site of the graft material and as such part of the coverage material may be placed over the orifice of the renal artery. A recent analysis showed an incidence of inadvertent partial coverage of 28%. The association of a slight renal artery coverage with adverse flow patterns in this study stresses the importance of avoiding any renal artery coverage during deployment of the main body. The results further act to emphasize the importance of optimal C-arm adjustment to obtain a perpendicular projection of the lowermost renal artery.
Introduction
Advantages of endovascular aneurysm repair (EVAR) over conventional open surgical abdominal aortic aneurysm (AAA) repair include a lower 30-day mortality rate (1.7% vs. 4 .2%) and a shorter recovery time (3-10 vs. 7-16 days). A higher re-interventation rate is the most important drawback of EVAR.
1 Although EVAR is associated with a lower risk of acute renal failure compared to open surgery (adjusted odds ratio 0.42, 95% confidence interval [0.33 to 0.53] ), 2 both treatments have similar renal complication rates in the mid-term. 1 Acute kidney injury or hemodialysis requirement occurred in 3.3% patients after EVAR in a retrospective analysis, 3 associated with a more than 20% decrease in 5-year survival, also when adjusted for differences in pre-operative eGFR. The mechanisms by which EVAR influences renal function are probably multifactorial. Thromboembolization, MRI and CT contrast media usage, stent fixation 4, 5 and ischemic reperfusion injury are potential factors. 6 In addition, unintended partial coverage of a renal ostium with covered stent material may occur, 7 both as a result of an unintended overly cranial release of the endograft and also as a result of inaccurate positioning of the radiopaque marker on the endograft. In many endografts the covered stent material extends about 1 mm beyond their proximal radiopaque markers and positioning the marker flush below the renal artery will lead to partial coverage by the graft material above the marker (Fig. 1) . The position of the radiopaque marker is not mentioned by some manufacturers in their instructions for use (IFU) and the exact distance to covered material may therefore be unknown to interventionalists. The extent to which the renal orifice is blocked varies in a range of 02 mm for the different endografts (Table I ) and may not always be appreciated on completion angiography. 7 In a recent postoperative CT analysis of EVAR procedures even 28% of all endograft placements were reported to partially cover the renal artery.
8 Partial coverage of the renal orifice may induce unfavorable hemodynamics such as regions of low and oscillatory flow. Low levels of wall shear stress (WSS 1 Pa), in addition to alternating flow directions throughout the cardiac cycle quantified by an oscillatory shear index (OSI), 9 have been associated with early atherosclerosis.
10-12 Based on atherosclerotic pathophysiology, WSS and OSI can be combined into a single risk factor, the relative residence time (RRT).
13,14 Furthermore, flow separation and recirculating flow with an associated region of reversed flow have been suggested as pro-atherogenic 12, 15 and can impede inflow at arterial branches. 16 The present in-vitro study investigates the effect of partial renal artery coverage by graft material on renal flow patterns and WSS in the renal artery.
Methods

In-vitro flow models
Three transparent silicone flow phantoms were used as in-vitro models of the infrarenal abdominal aorta. The Offset of proximal radiopaque marker in common endovascular aneurysm reapir (EVAR) endografts as described in the manufacturer's instruction for use (Medtronic, Cook) or, for those not mentioned in the instructions for use, by our measurements (Gore, Vascutek)
manufacturing process of these phantoms has been previously described. 17 Characteristics of the anatomy are shown in Fig. 2 . An aneurysm size of 55 mm in the lateral direction was set to represent an AAA for which elective treatment is indicated. The anteroposterior diameter was restricted by our manufacturing equipment and was set to 40 mm. Anteroposterior angulation was not considered when designing the model to facilitate 2D-imaging of the flow in the midline plane. In addition, the inferior mesenteric artery was not included and orifices of left and right renal arteries were situated at equal height. One control model and two configurations with an implanted Endurant II Stent Graft System (Medtronic Inc., Minneapolis, MN, USA) were studied. The endografts were implanted in the model by an experienced vascular surgeon (MR). For the first configuration, the radiopaque marker at the proximal site was positioned 1 mm below the renal orifices following the manufacturers' IFU. For the second configuration, the radiopaque marker was positioned directly at the inferior border of the renal orifices, causing partial coverage of the renal ostia with 1.3 mm of covered stent material that extended beyond the radiopaque marker. Due to the 60
• take-off angle of the renal artery, the renal ostium is an ellipse with a short axis of 6 mm (equal to the renal artery diameter) and a long axis of 6.9 mm (6/cos(30 • )). The graft material covers 1.3 mm of the short axis, corresponding to a 16% area coverage of the renal ostium.
Flow circuit
To simulate physiologic flow levels a previously described flow setup was used. 18 Flow was driven by three gear pumps generating a pulsatile flow. Before delivery to the inlet of the model, the flow traversed through a tube sufficiently long for a fully developed pulsatile flow profile to develop. A two-element Windkessel consisting of a resistive and capacitive component was used to model the vascular bed distal to the iliac arteries. The load on the renal arteries was modeled with a resistive element. Studies were performed under simulated resting conditions at a heart rate of 60 beats per minute and a mean suprarenal aortic flow rate of 1.6 L min −1 with equal time-averaged volume flow of 400 mL min −1 in each of the renal and iliac arteries. These values correspond to physiologic resting conditions used in previous studies. 19 Overal resistance was set for mean distal iliac pressure to equal 100 mmHg. The capacitive element distal to the iliac arteries was set such that the distal iliac pressure ranged between 80 and 120 mmHg. A blood mimicking fluid (BMF) with a dynamic viscosity of 4.3 mPa.s and a refractive index of 1.4, matching the refractive index of the silicone flow phantom, was produced by mixing water, glycerol and sodium iodide in a weight-ratio of 47.4%, 36.9% and 15.7%. 20 Fluorescent Poly Methyl Methacrylate (PMMA) particles (Rhodamine, size 1-20 µm, density 1190 kg m −3 , Dantec Dynamics A/S, Skovlunde, Denmark) were added to the BMF for flow quantification.
Flow quantification
For visualization, the output of a continuous wave laser (5W DPSS laser, 532 nm, Cohlibri, Lightline, Germany) was focused to form a laser sheet with a width of 1 mm to illuminate a thin layer of liquid. The laser sheet was aligned with the center of the flow lumen of the right renal artery in the frontal plane. A high-speed camera (FASTCAM SA-X2, Photron Inc., West Wycombe, Buckinghamshire UK) was positioned perpendicular to the illuminated in-plane layer and equipped with an optical notch filter (monochromatic 532 nm, Edmund optics, Barrington, NJ, USA) to capture the fluorescent signal emitted by the microbeads at a frame rate of 2000 frames per seconds. The distance between the camera and the imaged plane was close to the focal length of the optical setup to allow accurate PIV measurement of high velocities. With a field of view of 28x28 mm, a frame size of 1024x1024 pixels, and an interrogation window of 64x64 pixels, velocities up to 1.75 m/s could be correctly captured. The images were background subtracted and pre-processed with contrastlimited adaptive histogram equalization and a high-pass intensity filter. Particle image velocimetry (PIV) with an iterative multigrid approach 21 was perfomed using the Matlab (Mathworks Inc., MATLAB R2016a, Nattick, MA) toolbox PIVlab 22 (version 1.41). After the PIV analysis, data outside of absolute, relative and local median based velocity tresholds were discarded. Missing values were interpolated from neighboring values using a boundary value solver.
22 Finally, velocity data was averaged over 10 cardiac cycle to produce average velocity vectors throughout one cardiac cycle. With a low measurement variability for the 10 cycles, of similar as demonstrated in one our previous studies, 23 the pulsatile inflow profile was accurately reproduced for all three models.
WSS and backflow quantification
The shear rate at both walls of the renal artery was computed with MATLAB in-house built scripts. First, a parametric expression (first-order polynomial) of these walls was created with contrast-based edge detection of the border between regions of flow (the vessel lumen) and no flow. Then, at points in the wall closest to a velocity vector, a normal line to the wall was constructed, resulting in a spacing between normal vectors of about 16 pixels (0.44 mm). The velocity vector field from the PIV analysis was interpolated with a natural neighbor scheme (Matlab's ScatteredInterpolant) for points on the normal vectors. For every normal wall vector, a cubic spline was fitted. Velocity magnitude at the wall was constrained at zero, i.e. a no-slip boundary condition. Shear rate was computed as the derivative of the fluid velocity component parallel to the wall, in the spatial direction normal to the wall.
Time-averaged wall shear stress (TAWSS), OSI 11 and RRT 13 were calculated along the length of the renal walls, according to the equations shown in Table II . The extent of backflow in the renal artery was quantified analogous to a study in a coronary bifurcation 16 by determining the percentage of area having velocity vectors facing opposite to the forward flow direction. First, the normal line with negative velocities extending furthest from the wall per timepoint was selected. This provided a radial length along which backflow is present. With the assumption that in 3D backflow was present at sections above and below the laser sheet in the renal artery cross-section, the part of the circular cross-section where backflow was present was calculated. Fig. 3 show the two areas used for this calculation. The resulting percentage was termed renal backflow area (RBA). 
Results
The axial velocity contours in Fig. 4 provide an overview of the flow during peak systole, end systole and diastole in the renal artery. Based on inlet centerline velocity and renal artery diameter, Reynolds numbers (meanmax inlet velocity) were 600-690, 670-740 and 1000-1100 in the control, stented model without and stented model with partial renal artery coverage. The flow profiles for the complete cardiac cycle are available in the online supplementary video S1. Instantaneous central lumen velocity in the renal artery was relatively constant in time when compared to the pulsatile suprarenal flow variations, as shown in Fig. 5 . In the stented model with partial renal artery coverage, central lumen velocity shows high-frequency oscillations not present in the other two models. The control and stented model without partial coverage displayed flow profiles with peak velocity close to the center, with maximal velocities of 47 and 52 cm s −1 halfway the deceleration phase of systole, respectively. The stented model with partial coverage was characterized by the formation of a jet with peak velocity of 71 cm s −1 near the cranial wall. Further downstream the jet was no longer visible in the imaged plane and a peak velocity near the caudal wall was visible during the cycle. The flow patterns remained qualitatively similar during the cardiac cycle, except for the flow separation, i.e. reverse flow near the wall, near the entrance. For the control model, flow separation was present only during and shortly after the deceleration phases of inlet flow. For both stented models, the flow separation was present during the complete cycle and the resulting region of stagnant or recirculating flow was maximal during deceleration. The region with reversed flow was consistently longer in the model with partial coverage compared to the model without partial coverage (about 9 mm vs. 3 mm at end systole). Shear rates in the models peaked at 732 s −1 (control), 820 s −1 (model without partial coverage) and 1670 s −1 (model with partial coverage). Indices of WSS along the renal artery walls for a full heart cycle are displayed in Fig. 6 . For the cranial wall, TAWSS was in the range of 1-3 Pa for all models. Backflow was not present near the cranial walls in any of the models, so oscillatory shear was uniformly zero and RRT depicts the inverse of TAWSS. Near the origin of the renal artery, TAWSS was relatively high in the model with partial coverage, corresponding to high flow velocities observed in the flow patterns. For the caudal wall, negative and oscillating WSS was present in both stented models as opposed to control. For the model without partial coverage, TAWSS is low (<0.4 Pa) over a wall length of 7 mm with high OSI values at the first half of this region. For the model with partial coverage, TAWSS was close to zero over a length of 7 mm starting from the orifice, with an additional region of 3 mm with low TAWSS (<0.4 Pa). RRT was large at these points on the caudal wall with a peak value of 1700 Pa −1 for the stented model with partial coverage. Quantifying backflow in the renal arteries as RBA gave a time-averaged RBA over a cardiac cycle of 0.9% (max 12.6%) for control, 6.4% (max 13.1%) for model without partial coverage and 18.8% (max 31.3%) for the model with partial coverage. Time incidences of maximum RBA were in the transition phase from systole to diastole for all models. 
Discussion
With an in vitro analysis of flow patterns in the proximal renal artery, we have shown that partial renal artery coverage during EVAR procedures does affect local flow patterns. With 0.5-1 mm graft coverage of a 6-mm renal artery, a 1-cm region along the caudal renal wall with low and oscillating WSS was observed and on average 18.8% of the cross-sectional area exhibited flow reversal with a maximum of over 30% at the end of systole. Although the pathophysiological mechanisms of WSS in vascular pathology are still not fully elucidated, there is consensus that areas of low and oscillating WSS contribute to the initiation and development of atherosclerosis. 24 In line with recent studies in the field, 14, 25, 26 we have used RRT as a measure to account for both these effects. In both stented models a small part along the caudal renal wall displayed extremely elevated RRT (>2000 Pa −1 for the model without partial coverage and >17 000 Pa −1 for the model with partial coverage). These were mainly caused by a high oscillatory shear at these sites, i.e. the contribution of negative flow roughly equals the contribution of positive flow over a single heart cycle. Theoretically, the low velocity associated with low WSS along with the high oscillatory degree promotes an oscillating movement of blood particles over a small area of the wall, potentially inducing near-wall interactions. 13 The substantial elevation in RRT associated with renal coverage emphasizes the importance of meticulous positioning of the endograft, for which accuracte C-arm positioning perpendicular to the lowermost renal artery take-off is essential. Opposed to the long-term WSS related effects, high shear rates and renal flow impairment could cause clinical complications on a short timescale. Shear rates exceeding 5000 s −1 are associated with acute arterial thrombo-embolization 27 which could be an additional explanation for the slight increase in renal infarction seen with EVAR compared to conventional surgery. 4 However, in the current models the shear rates with a maximum of 1670 s −1 are far below the critical threshold. In EVAR procedures with a higher degree of renal coverage than the current study, the associated increase in WSS could contribute to plaque development or rupture in pre-existent plaques in the proximal part of the cranial side of the renal artery. 28 However, the mechanical forces exerted on the aortic wall during endograft introduction could induce thrombo-embolization and may be a more frequent cause of renal infarction. When consid- ering backflow as a region of functional flow impairment, a stent with and without renal coverage respectively block the renal cross-sectional flow area by 6.4% and 18.8% respectively. Especially during diastole, partial renal artery coverage causes backflow in 31.3% of the renal lumen as opposed to 12.6% in control conditions. A potential mechanism by which the stents can increase renal backflow is by reducing diastolic backflow from the infrarenal aorta into the renal arteries. Normally, the steep pressure drop at the end of systole leads to flow separation and backflow at the infrarenal wall, freely moving into the low resistance renal arteries. 29 With an endograft in situ, the pressure drop along the infrarenal wall is increased, potentially decreasing the adverse pressure gradient during diastole and thus limiting flow separation and backflow into the renal arteries. Flow visualization in an aorta with a Cordis AAA endograft deployed confirmed that the endograft augments flow disturbances during flow deceleration and decreases inflow to the renal arteries at rest.
30
In addition, the endograft bifurcates the flow at a more cranial position, which may alter the flow in the reverse flow phase, when blood flows from the iliac arteries into the renal arteries. This altered path can be appreciated in Fig. 4b , where the flow vectors at the caudal entrance of the renal artery are more cranially directed in the endograft models compared to control. In other words, renal entrance flow is less developed in the endograft models, leading to a more pronounced region of stagnant flow and adverse wall hemodynamics. With partial renal artery lumen coverage, graft material blocks incoming flow in the caudal renal artery, further distorting renal entrance flow, and allowing backflow near the caudal wall of the renal artery at small adverse pressure gradients. Graft fabric movement might alternatively effect flow dynamics. In the raw image data fabric movement of at most 0.04 mm was present (data not shown), unlikely to affect overall renal entrance flow patterns. In the current setup, average renal flow of 0.4 L min −1 per side was unaltered despite the slight coverage from endograft material, as resistance at the renal and iliac outflow trajectories was adjusted to achieve equal flow distribution in all three models, to mimick physiologic arterial tone adjustment to achieve target-organ perfusion. In clinical practice, physiologic renal functional reserve 31 may be suboptimal in EVAR patients, which could limit the extent to which renal autoregulation can compensate decreased renal inflow. Further impairment of renal flow by partial coverage may predispose to renal hypertension. Clinically established indicators of renal hypertension such as renal resistive index 32 are not applicable to the stentinduced coverage, as no upstream renal artery region was present in which such measures could have been quantified. An unexplained observation in the present study was the blunt flow profile that developed in the renal artery of the model with partial coverage. Interestingly, a similar flow velocity distribution with peak flow near the caudal renal wall has been observed in a Nellix stented model.
33
The dissipation of momentum from the jet located cranially towards the caudal wall could not be explained by the current two-dimensional measurements. The flow was likely to exhibit regions with out-of-plane motion due to three-dimensional flow features such as vortices in the axial plane, which can impact WSS. The fast dissipation of momentum, along with the seemlingly irregular fluctuations in central lumen velocity (Fig. 5) , may also point to a localized region of turbulence, which in direct numerical simulations was shown to occur at low Reynolds numbers (600-1000) near abrupt changes in geometry.
33,34
Limitations
A reference for physiologic renal flow fields was not available, and temporal renal pressure data was not included in the current study. Considering the focus of the current study on renal flow, the temporal renal pressure profile was not investigated. The introduction of an invasive pressure catheter in the renal artery would have altered flow patterns therein. In addition, the pressureflow relation has inherent simplifications due to the twoelement or lower-order Windkessel models used in the current flow setup. Validating renal pressure profiles would therefore not have validated renal flow fields. Volumetric flows and pressures over time near the aortic bifurcation were collected in an earlier study performed with the same flow setup, showing a good match with reference data for flow and a reasonable match for pressure. 18 A second limitation of the present study is the lack of flow visualization outside the two-dimensional laser sheet. Besides a better understanding of the flow profile in the model with partial renal coverage, three-dimensional flow profiles could impact WSS at the proximal regions with stagnant flow. Still, with the reasonable assumption that turbulence is not present in this proximal region, the effects are likely to be small. PIV measurements in a plane orthogonal to the current, stereo-PIV 35 and computational fluid dynamics could capture three-dimensional flow patterns with increasing detail. Furthermore, renal autoregulation could not be implemented in the measurements as its effect on renal blood flow is complex and multifactorial with both neurohumoral and tubuloglomerular feedback. In vivo PIV measurements with ultrasonography 36,37 or 4D-flow MRI 38 measurements could elucidate the effects of renal autoregulation on flow patterns, although both need substantial resolution improvements for doing so.
Conclusion
In current endovascular practice, unintended partial coverage of a renal artery may occur and leads to low and marked oscillations in WSS, potentially promoting atherosclerosis and subsequent renal artery stenosis. This may constitute a long-term clinical impact on renal function after EVAR. Awareness of the small offset often present between the edge of the graft fabric and their radiopaque markers is therefore imperative in endovascular practice.
